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We report on acoustically driven spin resonances in atomic-scale centers in silicon carbide at room
temperature. Specifically, we use a surface acoustic wave cavity to selectively address spin transi-
tions with magnetic quantum number differences of ±1 and ±2 in the absence of external microwave
electromagnetic fields. These spin-acoustic resonances reveal a non-trivial dependence on the static
magnetic field orientation, which is attributed to the intrinsic symmetry of the acoustic fields com-
bined with the peculiar properties of a half-integer spin system. We develop a microscopic model
of the spin-acoustic interaction, which describes our experimental data without fitting parameters.
Furthermore, we predict that traveling surface waves lead to a chiral spin-acoustic resonance, which
changes upon magnetic field inversion. These results establish silicon carbide as a highly-promising
hybrid platform for on-chip spin-optomechanical quantum control enabling engineered interactions
at room temperature.
Hybrid spin-mechanical systems are considered as a
promising platform for the implementation of univer-
sal quantum transducers [1] and ultra-sensitive quantum
sensors [2]. Spin states can be coupled by the strain fields
of phonons and mechanical vibrations. Coherent sensing
of mechanical resonators [3], acoustic control of single
spins [4] and electromechanical stabilization of spin color
centers [5] based on spin-optomechanical coupling have
been demonstrated. Similarly to a magnetic field, the
application of a static strain field leads to a shift of the
spin levels, while a resonantly oscillating strain field in-
duces interlevel spin transitions. Their selection rules are
imprinted by the crystal symmetry or device geometry,
which provide a high degree of flexibility for on-chip co-
herent spin manipulation [6–8] and may support chiral
spin-phonon coupling [9].
Most of the systems coupling atomic-scale spins to vi-
brations studied so far are based on color centers in dia-
mond [3–5, 10–14]. Two characteristics of silicon carbide
(SiC) make it a natural material choice for hybrid spin
optomechanics. As diamond, SiC hosts highly-coherent
optically-active spin centers, such as negatively charged
silicon vacancies (VSi) [15] and divacancies (VV) [16]. In
addition, SiC is already used in commercial nano-electro-
mechanical systems (NEMS) with robust performance
and ultrahigh sensitivity to vibrations [17]. Recently, the
mechanical tuning [18] and acoustic coherent control [19]
of the VV spin S = 1 centers in SiC have been demon-
strated at cryogenic temperatures. However, symmetry-
dependent spin-acoustic interactions are still largely un-
explored and SiC-based hybrid spin-mechanical systems
under ambient conditions remain elusive.
In this letter, we demonstrate room-temperature spin-
acoustic resonance (SAR) in 4H-SiC. We exploit the in-
trinsic properties of the half-integer spin S = 3/2 sys-
tem [20], the so-called VSi qudit [21], to realize full con-
trol of the spin states using high-frequency vibrations.
This is fulfilled by acoustically coupling spin sublevels
with magnetic quantum numbers (mS) differing by both
∆mS = ±1 and ∆mS = ±2. In contrast to previous SAR
studies, which were restricted to S = 1 atomic-scale spins
[3–5, 10–14, 18, 19], the spin S = 3/2 system enables
all-optical readout of the spin state without application
of microwave electromagnetic fields. The mechanical vi-
brations are applied via a surface acoustic wave (SAW)
resonator patterned on the 4H-SiC wafer surface perpen-
dicular to the c-axis. The superposition of axial and shear
strain components with different amplitudes and phases
makes the SARs dependent on the quantization direction
of the spin states relative to the SAW propagation direc-
tion. Here, this anisotropy manifests itself as a complex
angular dependence of the ∆mS = ±1 and ∆mS = ±2
transitions on the orientation of the external magnetic
field B = (Bx, By, 0) applied in the plane perpendicu-
lar to the c-axis of 4H-SiC (i.e., with Bz = 0). We de-
velop a model for spin-3/2 SARs using an effective spin-
strain coupling Hamiltonian [2, 22], which can describe
our non-trivial observations. The selective excitation of
transitions with ∆mS = ±1 and ∆mS = ±2 as well as
the anisotropic behavior with magnetic field orientation
demonstrated here provides extra degrees of freedom for
the control of interactions in atomic-scale spin systems.
We present results for the V2 center, corresponding
to one of the two possible VSi crystallographic config-
urations [23]. Figure 1(a) displays the 4H-SiC lattice
with a single VSi center. The VSi centers are created
in a 10 × 10 mm2 semi-insulating 4H-SiC substrate by
the irradiation with protons with an energy of 37.5 keV
to a fluence of 1015 cm−2 [24]. Figure 2(d) shows the
calculated depth distribution of the VSi centers, which
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FIG. 1. Schematic presentation of (a) the 4H-SiC lattice with
one VSi defect and (b) the acoustic device. Focusing IDTs ex-
cite and detect SAWs propagating in the ZnO-coated SiC. The
sample is placed between the poles of an electromagnet for the
application of a magnetic field B in the plane of the sample
surface. (c) RF scattering parameters for IDT1 and IDT2.
S11 and S22 correspond to the power reflection coefficient of
IDT1 and IDT2, respectively, and S21 to the power trans-
mission coefficient. (d) Optical pumping cycle and readout
principle of the VSi spin. The double vertical arrow indicates
the spin resonance transition at 70 MHz in zero magnetic field
(see Supplemental Material [26]).
has a mean depth of 250 nm below the SiC surface [25].
As shown in the Supplemental Material (SM) [26], these
centers reveal the 70 MHz zero-field spin splitting charac-
teristic of the V2 centers [27–30]. After irradiation, the
SiC substrate is coated with a 35-nm-thick SiO2 layer
followed by a 700-nm-thick ZnO piezoelectric film us-
ing radio-frequency (RF) magnetron sputtering. Finally,
acoustic cavities defined by a pair of focusing interdig-
ital transducers (IDTs) are patterned on the surface of
the ZnO film by electron beam lithography and metal
evaporation. Figure 1(b) displays a schematic represen-
tation of our acoustic device. Each IDT consists of 80 alu-
minum finger pairs for excitation/detection of SAWs with
a wavelength λSAW = 6 µm, and an additional Bragg re-
flector consisting of 40 finger pairs placed on its back side
(not shown in Fig. 1). The finger curvature and separa-
tion between the opposite IDTs (≈ 120 µm) are designed
to focus the SAW beam at the center of the cavity. Fig-
ure 1(c) displays the RF scattering (S) parameters of the
IDTs measured with a vector network analyzer. They
show a series of sharp dips within the resonance band of
the IDT at a frequency fSAW ≈ 916 MHz, which corre-
spond to the excitation of the Rayleigh SAW modes of
the resonator.
Figure 1(d) displays a simplified energy diagram of the
V2 VSi center [23, 31] together with the optical pumping
and readout scheme [32]. The VSi center has spin 3/2,
which is split in zero magnetic field into two Kramer’s
doublets due to a low symmetry of the VSi center (C3v
point group). The zero-field splitting between the mS =
±1/2 and mS = ±3/2 doublets is equal to 70 MHz, with
the spin quantized along the c-axis. Optical excitation
into the excited state (ES), followed by spin-dependent
recombination via the metastable state (MS), leads to a
preferential population of the mS = ±1/2 spin sublevels
in the ground state (GS), as indicated by the green dots
in Fig. 1(d). As the photoluminescence (PL) intensity is
stronger for the mS = ±3/2 states, the PL is sensitive
to the resonant spin transitions between the mS = ±1/2
and mS = ±3/2 sublevels (see SM [26]) [30].
The optically detected SAR experiments are performed
in a confocal micro-photoluminescence (µ-PL) setup, as
illustrated in Fig 1(b). The SAWs are generated by ap-
plying to one of the IDTs an amplitude-modulated RF
signal of appropriate frequency. The sample is excited by
a Ti-Sapphire laser (at a wavelength of 780 nm) focused
onto a spot size of 10 µm. The VSi PL band centered
around 900 nm (see SM [26]) is collected by an objective,
spectrally filtered and detected by a photodiode detector
connected to an amplifier locked-in to the RF modula-
tion frequency. The GS spin transition frequencies are
tuned to the SAW resonance frequency by applying the
in-plane magnetic field B.
To describe the spin-acoustic interaction of the VSi
center in an external magnetic field, we consider an ef-
fective spin-3/2 Hamiltonian
H = HB +Hdef , with (1)
HB = gµBS ·B+D
(
S2z −
5
4
)
. (2)
Here, S = (Sx, Sy, Sz) is the spin-3/2 operator, µB is
the Bohr magneton, g ≈ 2 the in-plane g-factor, and
D = 35 MHz the zero-field splitting constant. HB de-
scribes the Zeeman splitting in B = (Bx, By, 0). For
B = 0, this Hamiltonian yields the GS eigenstates dis-
played in Fig. 1(d). As discussed below, Hdef describes
the coupling of the VSi spin and elastic deformations
[2, 22].
Figure 2(a) shows the Zeeman shift of the GS spin
sublevels calculated from HB . For B & 2.5 mT, the
Zeeman splitting in the GS is larger than the zero-field
splitting. Then, the spin quantization axis is along the
B direction and the spin sublevels shift linearly with the
magnetic field. We note that for in-plane magnetic fields,
the states with spin projection on magnetic field direction
mS = ±3/2 are preferentially populated under optical
pumping (as indicated by the green dots). In contrast
to the B = 0 case illustrated in Fig. 1(c), the PL is now
stronger for transitions between the ES and GS involving
the mS = ±1/2 states (see the light bulbs next to each
energy level).
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FIG. 2. (a) Evolution of the spin levels in the VSi GS un-
der application of the in-plane magnetic field B ⊥ c. The
vertical double arrows indicate the resonant spin transitions
at 916 MHz induced by the SAW. (b) The SAR signal as a
function of the magnetic field strength. The data are mea-
sured for two magnetic field angles (φB) with respect to the
SAW propagation direction (see inset). The solid curves are
fits to a multi-peak Lorentzial function. The data are verti-
cally shifted for clarity (c) Two-dimensional color map of the
∆mS = ±2 spin transition as a function of the magnetic field
strength and the RF frequency applied to the IDT, and power
reflection coefficient S11 of the IDT. (d) Simulated depth pro-
files for the distribution of vacancies after irradiation (which
is proportional to the density of VSi centers) and of the uxx,
uzz and uxz strain amplitudes.
The optically detected SAR as a function of B is
presented in Fig. 2(b). We observe two resonances at
B = 16.7 mT and B = 33.3 mT, which are ascribed
to the acoustically driven ∆mS = ±2 and ∆mS = ±1
spin transitions, respectively. They agree well with the
magnetic field strengths calculated from Eq. (1) for the
resonance frequency fSAW = 916 MHz [cf. double verti-
cal arrows in Fig. 2(a)]. Both resonances are well fitted
by a Lorentzian function [solid curves in Fig. 2(b)] with
a full width at half maximum (FWHM) of 2.2 mT and
6.0 mT. Note that the resonances are actually doublets,
which are split by approximately 1 mT and 2 mT for the
∆mS = ±2 and ∆mS = ±1 spin transitions, respectively.
These splittings are not resolved due to a relatively large
broadening caused by a reduction of the spin coherence in
proton-irradiated samples with high irradiation fluences
[33].
A remarkable property of the SAR interaction illus-
trated in Fig. 2(b) is the ability to selectively couple
all spin states within the VSi qudit [34]. In particular,
the ∆mS = ±2 transitions are normally forbidden for
RF-driven spin resonance. Therefore, their excitation in
Fig. 2(b) represents a clear evidence of the acoustic na-
ture of the observed resonances. To further corroborate
this acoustic nature, we display in Fig. 2(c) the intensity
of the optically detected ∆mS = ±2 SAR as a function of
the magnetic field strength (vertical axis) and the RF fre-
quency applied to the SAW resonator (horizontal axis).
The SAR signal vanishes as soon as either B is changed
or fSAW is detuned (cf. S11 in the same panel), thus
confirming that the spin transitions are caused by the
dynamic fields of the SAW. Additional studies summa-
rized in the SM [26] show that the spatial dependence of
the SAR intensities follow the distribution of the acous-
tic field within the SAW resonator. We also prove that
our experiments are performed in the linear regime for
all observed SARs [26].
We are now in the position to discuss the anisotropic
nature of the spin-acoustic resonances, which is a further
important finding of this work. We assume the refer-
ence frame illustrated in Fig. 1(b) with the SAW beam
propagating along the x axis. Figure 2(b) compares the
optically detected SAR signal for two angles φB between
the SAW propagation direction and the in-plane mag-
netic field. While the magnetic field strengths at which
the SARs take place are independent of the in-plane ori-
entation of B, the SAR intensities do depend clearly on
φB. The full anisotropic behavior with respect to the field
orientation on the sample plane is summarized by the cir-
cles in Figs. 3(c) and 3(d), which display the intensity of
the ∆mS = ±1 and ∆mS = ±2 SARs, respectively, as a
function of φB.
To understand the unusual angular dependence of the
SARs, we develop a microscopic model for the spin-
acoustic interaction. In the spherical approximation, the
effect of a lattice deformation on a spin center is described
by the interaction term
Hdef = Ξ
∑
αβ
uαβSαSβ , (3)
where Ξ is the interaction constant [2]. Being quadratic
in the spin operators, such an interaction can induce spin
transitions with ∆mS = ±1 as well as with ∆mS = ±2.
For B ‖ x, the spin transitions with ∆mS = ±1 are
induced by the strain tensor components uxy and uxz,
while those with ∆mS = ±2 are induced by the other
linear-independent components uyy, uzz and uyz. The
strain components responsible for the spin transitions for
other B directions can be obtained by the corresponding
rotation of the strain tensor.
A plane Rayleigh SAW propagating along x is de-
scribed by the strain tensor
uαβ(t, x, z) = uαβ(z)e
ikx−iωt + u∗αβ(z)e
−ikx+iωt (4)
with non-vanishing components uxx, uzz, and uxz =
iu′′xz [35]. We assume a reference frame for which uxx,
uzz, and u
′′
xz are purely real. The factor i =
√−1 indi-
cates that the phase of the uxz component is shifted by
4pi/2, thus resulting in an elliptically polarized strain field
in the xz plane. Figure 2(d) compares the calculated
depth profiles of the uxx, uzz and uxz strain components
[36] with the simulated depth distribution of the VSi de-
fects [37].
In our case, spin centers are inserted in an acoustic
resonator and thus subject to a combination of two coun-
terpropagating SAWs travelling along x and −x with in-
tensities I+ and I−, respectively. We use the parameter
η = (I+−I−)/(I++I−) to distinguish different situations:
a standing wave (|η| = 0), a traveling wave (|η| = 1) or in-
termediate cases (0 < |η| < 1). The rates W±1 and W±2
of the spin transitions with ∆mS = ±1 and ∆mS = ±2,
respectively, are then given by (see SM [26])
W±1 ∝ 3 cos2 φB〈u2xx sin2 φB + u′′2xz + 2ηuxxu′′xz sinφB〉
W±2 ∝ 3
4
〈(uxx sin2 φB − uzz)2 + 4u′′2xz sin2 φB+
4η(uxx sin
2 φB − uzz)u′′xz sinφB〉 . (5)
The transition rates in Eq. (5) were averaged along x to
account for the finite detection spot size, which is larger
than the SAW wavelength. The angular brackets 〈〉 in-
dicate averaging along z to take into account the depth
distribution of the VSi centers as well as the strain field,
as presented in Fig. 2(d).
Finally, we analyze the symmetry of the SARs.
Figs. 3(a)-(b) present the angular dependencies of the
∆mS = ±1 and ∆mS = ±2 transition intensities, re-
spectively, calculated after Eq. (5) for various η. The
SARs are always symmetric with respect to the inversion
of the Bx component, since our system has a (xz) mir-
ror plane. For η = 0, the SARs are also symmetric with
respect to the inversion of the By component due to ad-
ditional presence of the time-reversal symmetry. As |η|
increases, the latter symmetry breaks as the strain field
of the travelling SAW acquires an elliptical polarization.
Particularly, Fig. 3(a) shows that the ∆mS = ±1 SAR
almost vanishes for By > 0 (0
◦ < φB < 180◦) while it
remains strong for By < 0 (180
◦ < φB < 360◦). Such
an asymmetric angular dependence is a clear evidence of
the broken time-reversal symmetry in the presence of a
travelling SAW. Upon inversion of the SAW propagation
direction (η < 0, not shown), the angular dependencies of
such chiral SAR are flipped with respect to the horizontal
axis.
Having developed a microscopic model for the
anisotropic SAR, we now apply it to analyze the exper-
imental data given by the circles in Figs. 3(c) and 3(d).
The angular dependence of the ∆mS = ±1 SAR has a
butterfly-like shape with vanishing signal for φB = ±90◦
and maxima when the magnetic field rotates towards
φB ≈ ±45◦ or ±135◦. In contrast, the angular depen-
dence of the ∆mS = ±2 SAR has a cocoon-like shape
with maxima for φB = ±90◦. This SAR does not vanish
FIG. 3. (a,b) Dependence of the ∆mS = ±1 and ∆mS = ±2
transition intensities on the angle φB between the in-plane
magnetic field and the SAW propagation direction (see in-
set) calculated for the cases of standing wave (η = 0, thick
thick lines), traveling wave (η = 1, dashed thick lines), and
intermediate values of η. The strain components used are
〈u2xx〉 = 9.0 × 10−9, 〈u2zz〉 = 7.0 × 10−9, 〈u′′2xz〉 = 3.5 × 10−9
, 〈uxxuzz〉 = 7.7 × 10−9, 〈uxxu′′xz〉 = 5.3 × 10−9, 〈u′′xzuzz〉 =
5.0 × 10−9, as obtained from the distributions of Fig. 2(d).
(c,d) Angular dependencies of the ∆mS = ±1 and ∆mS = ±2
transition amplitudes as a function of the in-plane magnetic
field orientation with respect to the SAW propagation direc-
tion. Circles present the experimental data, the thin dashed
lines are guides to the eye. The thick lines show the calcula-
tion after Eq. (5) with η = 0.
for any direction of the in-plane magnetic field. These
measured angular dependences are best reproduced by
Eq. (5) by assuming η = 0, which yields the solid lines in
Fig. 3(c) and 3(d). This result is consistent with the ex-
pected standing-wave nature of the acoustic fields within
a resonator. We emphasize that our model has no fitting
parameters except for the overall intensity to match the
readout optical signal.
In conclusion, we observe half-integer SAR in SiC at
room temperature. Using a SAW resonator patterned on
the SiC surface, we are able to address both the ∆mS =
±1 and the ∆mS = ±2 spin transitions of the VSi spin-
3/2 center with all-optical readout and without requiring
extra microwave electromagnetic fields. The SARs re-
veal a complex behavior, which depends on the magnetic
field orientation with respect to the SAW propagation
direction. Our theoretical model describes these angular
dependencies without any fitting parameter and predicts
chiral spin-acoustic interaction for traveling SAWs. Such
5a room-temperature hybrid spin-mechanical platform can
be used to implement quantum sensors [38] with on-chip
SAW control instead of microwave electromagnetic fields
[2] as well as to realize acoustically driven topological
states [39].
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This Supplemental Material contains information about:
• Photoluminescence characterization
• ODMR spectrum at zero magnetic field
• Spatial dependence of the spin-acoustic resonance
• Dependence of the spin-acoustic resonance on SAW power
• Matrix elements of the SAW-induced spin transitions
PHOTOLUMINESCENCE CHARACTERIZATION
Figure S1(a) displays the typical room-temperature photoluminescence (PL) spectrum of the VSi ensemble after
proton irradiation of the 4H-SiC. Figure S1(b) shows the depth profile of the PL intensity. The VSi defects implanted
at a depth of 250 nm cause the strongest PL signal. The measurements are taken in the same confocal setup as for
the spin-acoustic resonance (SAR) experiments.
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FIG. S1. (a) Room-temperature PL spectrum of the VSi ensemble in 4H-SiC. (b) Depth profile of the PL intensity across the
surface of the 4H-SiC.
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2ODMR SPECTRUM AT ZERO MAGNETIC FIELD
Figure S2 displays the optically detected magnetic resonance (ODMR) spectrum of the VSi ensemble at zero mag-
netic field. The measurements are taken at room temperature in the same confocal setup as for the SAR experiments.
The microwave frequency is applied by a coplanar waveguide placed close to the sample. The 70 MHz peak corresponds
to the splitting frequency between the mS = ±1/2 and mS = ±3/2 spin sublevels of the ground state.
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FIG. S2. Room-temperature ODMR spectrum at zero magnetic field of the VSi ensemble implanted at the surface of the
4H-SiC.
SPATIAL DEPENDENCE OF THE SPIN-ACOUSTIC RESONANCE
The colormap of Fig. S3(a) displays the intensity of the optically detected ∆mS = ±2 SAR as a function of
the magnetic field strength (vertical axis) and position of the exciting laser across the center of the SAW resonator
(horizontal axis). The SAR signal vanishes as soon as the laser moves away from the center of the resonator, defined
as y = 0. Figure S3(b) shows the amplitude of the resonance, defined as the area of the signal in Fig. S3(a) when
integrated along the magnetic field, for several positions of the laser. The spatial dependence of the SAR signal is
well fitted to a Gaussian peak with a FWHM of 11 µm. This is about three times narrower than the finger length
at the inner part of the IDTs (35 µm), thus confirming the focusing efficiency of our acoustic resonator and further
supporting the acoustic nature of the SAR signal.
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FIG. S3. (a) Two-dimensional color map of the ∆mS = ±2 SAR as a function of magnetic field strength and position of the
exciting laser across the center of the SAW resonator. (b) Area of the ∆mS = ±2 peak as a function of the laser position across
the center of the SAW resonator. The blue curve is a Gaussian fit to the data.
3DEPENDENCE OF THE SPIN-ACOUSTIC RESONANCE ON SAW POWER
Figure S4(a) displays the dependence of the optically detected SAR signal on the nominal RF power applied to the
acoustic resonator, Prf . Figure S4(b) displays the area of both resonances [obtained from Lorentzian fits to the data
in Fig. S4(a)] as a function of Prf , together with their linear fits.
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FIG. S4. (a) Optically detected SAR signal as a function of the magnetic field strength, measured for several nominal RF
powers Prf applied to the acoustic resonator. The data are taken for an angle φB = 30
◦ between the in-plane magnetic field
and SAW propagation direction. The solid curves are Lorentzian fits to the data. The data are vertically shifted for clarity.
(b) Area of the SAR peaks as a function of Prf . The solid curves are linear fits to the data.
MATRIX ELEMENTS OF THE SAW-INDUCED SPIN TRANSITIONS
First, we choose the new reference frame (x′y′z) where the new in-plane axes are x′ ‖ B and y′ ⊥ B. In such frame,
the matrix elements M
(+)
∆mS
of spin transitions with the change of the spin projection on x′ axis ∆mS induced by
absorption of the SAW read
M
(+)
±1 =
√
3Ξ(ux′y′ ∓ iux′z) , (S1)
M
(+)
±2 =
√
3
2 Ξ(uy′y′ − uzz ∓ 2iuy′z) .
To obtain the matrix elements for the transitions with emission of the phonon M
(−)
∆mS
, one must replace uαβ with u
∗
αβ
in the above equation. Expressing the strain components in the new basis via those in the original basis uxx, uzz, and
uxz, we find
M
(+)
±1 =
√
3Ξ cosφB(uxx sinφB ∓ iuxz) , (S2)
M
(+)
±2 =
√
3
2 Ξ(uxx sin
2 φB − uzz ∓ 2iuxz sinφB) .
We note that transitions with ∆mS > 0 correspond to an increase of energy and are accompanied by SAW absorption,
while ∆mS < 0 correspond to a decrease of energy and are accompanied by the emission of SAW quanta. Therefore,
the relevant matrix elements are M
(±)
±1 and M
(±)
±2 . We consider that the strain field is a sum of two waves of the
form uαβ(t, x, z) = uαβ(z)e
ikx−iωt + u∗αβ(z)e
−ikx+iωt with wave vectors k and −k and different intensities I+ and I−.
Note that the uxx and uzz strain components of the right- and left-traveling waves match while the uxz component
is opposite. The spin transition rates are obtained by averaging W±1 = |M (±)±1 |2 and W±1 = |M (±)±2 |2 over the x and
z directions.
